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Work with hazardous substances, such as radioactive material, can be done safely 
when engineered controls are used to maintain the worker effective dose below the 
International Commission on Radiological Protection ICRP 60 recommendation of 0.02 
Sv/year and reduce the worker exposure to material to as low as reasonably achievable 
(ALARA).  A primary engineered control used at a Los Alamos National Laboratory 
facility is the open-front hood.  An open-front hood, also known as an open-front box, is 
a laboratory containment box that is fully enclosed except for a 15-cm opening along the 
front of the box.  
This research involved collection of the aerosol escaping an open-front hood 
while PuO2 sample digestion was simulated.  Sodium chloride was used as a surrogate to 
mimic the behavior of PuO2.  The NaCl aerosol was binned as a function of median 
aerodynamic diameter using a Micro-orifice Uniform Deposit Impactor (MOUDI, MSP 
Corporation, Shoreview, MN) cascade impactor.  Using neutron activation analysis 
(NAA) to measure the mass of material in each of the nine bins of the MOUDI, the mass 
median diameter of the escaping aerosol was determined.  Using the mass median 
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diameter and the total mass of the particle distribution, dose was calculated using ICRP 
60 methodology.     
Experimental conditions mimicked a stationary worker and a worker moving her 
hands in and out of the open front hood.  Measurements were also done in the hood for 
comparison.  The effect of the hands moving in and out of the box was modeled.  
Information necessary for Computational Fluid Dynamics (CFD) modeling is given, such 
as volumetric flow rates out of the open front hood and into the experimental room, 
detailed sketches of the experimental set-up, and energy provided by the hot plate and 
worker. 
This research is unique as it measures particle size distribution from routine 
working conditions.  Current research uses tracer gases or describes non-routine 
conditions.  It is important to have results that mimic routine conditions to allow for 
quantitative measurement of worker exposure and determination of the adequacy of the 
open front hood for this type of work.  This work is important as it quantifies the 
effectiveness of the open front hood for controlling inhalation hazards.  This information 
is crucial for managing the risk to workers. 
The mass median diameter of particles escaping the hood when a stationary 
worker sits in front of the hood is 0.54 ± 3.7 μm.  The mass median diameter of particles 
escaping the hood when a worker performs work in the hood is 0.35 ± 5.1 μm.  These 
particle sizes are in the range of those seen in the published liturature. (Raabe, et al., 
1978; Dorrian and Bailey, 1995; and Cheng, et al., 2004)  
The effective dose from digestion of PuO2 in an open-front hood while a worker 
is moving her hands in and out of the hood was estimated to be 5 mSv.  Based on the 
experimental error, this value could be low by a factor of 4.  There was little difference 
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between the dose calculated for a worker in motion and a stationary worker.  The 
calculated dose while work was being performed is 5% higher.   
Comparison of these results to measured worker doses and continuous air 
monitoring results showed the experimental results may be somewhat higher.  The lower 
limit of detection for urine bioassay is 0.002 Sv (Inkret, et al., 1999).  Workers 
performing the activity mimicked in this experiment are routinely monitored and do not 
have measurable internal doses.  The most likely reason for the high experimental results 
is the placement of the sample digestion apparatus.  For this experiment, the material was 
placed 10 cm from the hood opening.  In practice, the material is typically further back in 
the hood; placing the material further back in the hood likely decreases the amount of 
material escaping the hood. 
The cost-benefit analysis showed the use of the open-front hood as a reasonable 
protective measure.  Although worker exposure may approach the ICRP limit, the cost of 
previously observed ergonomic injuries caused by work in a glove box is five thousand 
times greater than the dose received by the worker.  Protective measures such as 
respiratory protection should be evaluated on a case by case basis to keep worker 
exposure as low as reasonably achievable.
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CHAPTER 1:  INTRODUCTION 
OVERVIEW 
Work with hazardous substances, such as radioactive material, can be done safely 
when engineered controls are used to reduce the worker exposure to material to as low as 
reasonably achievable (ALARA).  The primary exposure route associated in working 
with un-encapsulated plutonium is inhalation.  Therefore, a confinement device such as 
the open-front hood or glove box shown in Figure 1 is used when working with un-
encapsulated plutonium.    
 
  
Figure 1.  Typical open front hood and glove box 
An open-front hood, also known as an open-front box, is a laboratory containment 
box that is fully enclosed except for a 15-cm opening along the front of the box.  Open-
front hoods increase worker comfort by providing ease of use compared to working in a 
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glove box.  Open-front hoods have been used for over fifty years.  The confinement for 
these hoods is based on an imposed airflow through the opening.  The analyst stands 
approximately 10 cm from the opening and performs tasks by reaching through the 
opening with their hands and forearms to access the contents of the box.  Under routine 
conditions, air enters the opening at an average velocity of 0.5 m/s.  The analyst wears 
personal protective equipment on his or her hands, arms, and body.  
By comparison, the glove box totally encloses the hazardous material.  The glove 
box is ventilated and kept at a lower pressure than the laboratory air, however the primary 
engineered control is the box itself.  Even if there were a failure of the ventilation, the 
material would remain in the box.  Only a failure of the structure, such as a hole in the 
glove, would allow material to escape.  However, it is more difficult to work in glove 
boxes as the gloves decrease dexterity and apply stress on joints that may cause 
ergonomic injuries. 
To determine if the open front hood provides a safe level of containment of the 
material, one must know how much material escapes the hood and the consequence, or 
resulting worker exposure, from inhalation of the material.  There is evidence from past 
events that indicates some material escapes the hood.  A review of Los Alamos National 
Laboratory radiological incident data (LANL, 2004) over the past eleven years at a 
facility using primarily open-front hoods shows radioactive material escapes the hoods 
over one hundred times per year, on average.   A breakdown of the contamination events 
by year is shown in Figure 2.  Personal clothing contamination occurs when a worke’s 
personal clothing becomes contaminated while working.  PPE contamination, or 
personnel protective clothing contamination occurs when a labcoat or coveralls become 
contaminated.  Skin contamination refers to contamination on a worker’s skin.  Area 
contamination is contamination found in the work area.  Positive CAM alarms occur 
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when the concentration of airborne radioactivity exceeds a preset level. A literature 
search to find how much material escapes an open front hood showed only qualitative 
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Figure 2.  Contamination events by year for open front hood operations 
 Calculation of worker exposure from inhalation of radioactive material is based 
on the median particle diameter and the amount of material inhaled.  A literature search 
on particle size distribution for work in an open front hood or glove box revealed 
quantitative data; however, none of the studies investigated the particle size distribution 
to a worker performing routine work in an open-front hood. 
In this research, the amount and median particle size of material escaping the 
open-front hood during routine work was quantitatively measured.  From these data, the 
resulting dose to an exposed worker was estimated.  The worker protection effectiveness 
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of an open-front hood was then evaluated.  CFD modeling of the experimental results 
was not included.  However, numerous references that have performed modeling of parts 
of the experimental method are cited. 
BACKGROUND 
There have been numerous studies investigating the leakage of material from 
hoods.  However, these studies were qualitative in nature.  Other investigations used tools 
such as CFD software, but the results of these studies have not been validated by field 
measurements.  There have been quantitative studies investigating the physical 
characteristics of radioactive material in the workplace.  However, these studies are 
generally retrospective and do not mimic the routine working conditions. 
Knowledge of physical characteristics such as particle size and mass of the 
material is vital in determining how much material the worker may inhale.   Particle size 
plays a key role in worker inhalation dose, as smaller particles tend to be readily inhaled 
into the deep lung where they tend to remain, while larger particles may be deposited in 
the nose and throat then swallowed.  Once particle size and the mass of the material 
inhaled is known, the dose resulting from inhalation of the material can be determined.   
STUDIES OF LEAKAGE OF MATERIAL FROM HOOD 
Although there are no quantitative data regarding the amount of material that 
escapes from an open-front hood, there have been numerous qualitative studies 
demonstrating that material does indeed escape.  Leakage has been shown to increase 
when a worker or heated manikin is in front of the hood.  The results of studies relating 
face velocity to leakage vary.  At least one study shows maximum leakage at lower face 
velocities.  Other studies show maximum leakage at higher flows. 
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Leakage from an open-front hood as a function of face velocity was investigated 
by Johnson and Fletcher (Johnson and Fletcher, 1996).  The opening of the box was 120 
cm wide and 39 cm high.  The tracer gas sulfur hexafluoride (SF6) was released along a 
plane 15 cm from the centerline of the sash at a volumetric flow rate of 2.5 L/m.  Leakage 
measurements were taken along the plane of the sash opening.  The face velocity was 
varied from 0.1 to 1.4 m/s. The maximum leakage occurred at face velocities between 0.4 
and 0.6 m/s.  The amount of leakage caused by the obstruction of the face of the box by 
the worker was also measured.  A series of tests were carried out with heated and 
unheated manikins at temperatures of 25ºC, 30ºC, 33ºC, and 37ºC and with a human 
subject.  Little to no leakage was seen with the unheated manikin.  In general, leakage 
increased as the temperature of the manikin increased.  Leakage seen with the human 
operator was comparable to that seen with a manikin heated to 30ºC.  Measurements of 
leakage as a function of operator distance from the opening were also made.  The amount 
of leakage falls rapidly with increasing separation distance and is negligible for 
separation distance greater than 60 cm. 
Research has been done to quantify the air movement around a worker by 
measuring the velocity vectors of the air around the human and heated manikin (Johnson 
and Fletcher, 1996b).  The human and heated manikin was placed in front of an exhaust 
register pulling air at a velocity of 0.5 m/s.  The heat of the manikin and human caused a 
heated boundary layer moving upward with a velocity on the order of 0.2 m/s. 
Myers et a.l evaluated the airflow conditions around the human body and 
characterized the interaction of the human thermal plume (Meyers et al., 1998).  The 
baseline case, effects of blockage of the air-flow, as well as the thermal effects of a 
heated manikin were evaluated.  The experiments demonstrated an upward motion of the 
air into the breathing zone. 
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Brohus and Nelson evaluated the thermal boundary layer caused by the human 
thermal plume (Brohus and Nielsen, 1994).  The authors found that the boundary layer 
caused by human body temperature compared with the temperature of room air allows for 
air to entrain from below the breathing zone.  This moves contamination below the 
breathing zone into the breathing zone. 
Brohus (1997) performed some numerical modeling of the human plume 
phenomena for his Ph.D. dissertation (Brohus, 1997).  Using CFD modeling, Brohus 
developed a personnel exposure model using the breathing zone as an “exhaust opening” 
(the ventilation effectiveness experienced by a person in a ventilated room) and 
entrainment effectiveness (ability of material to be entrained by the human thermal plume 
boundary layer) as boundary conditions.  The model takes into account the concentration 
gradient within a room and influence of the human thermal boundary layer.    
Eli Lilly and Company (Maupins and Hitchings, 1998) conducted a study to 
determine how well a hood contains hazardous chemicals.  Thirty-nine fume hoods were 
tested using the tracer gas SF6 to measure leakage.  Face velocity for the hoods ranged 
from 0.4 to 0.6 m/s.  The gas was released inside the hood at a volumetric flow rate of 4.0 
L/m, 15 cm from the plane of the hood opening.  An unheated manikin was placed 7.6 cm 
in front of the hood and samples were taken at the breathing zone of the manikin, 66 cm 
above the floor of the hood.  Thirty-four of the thirty-nine hoods (87%) were found to 
have leakage greater than the American Conference of Governmental Industrial 
Hygienists recommended maximum control level of 0.10 ppm. 
In an investigation done at the University of Washington (Guffey and Barnea, 
1994), the effects of face velocity and position on exposure to a manikin standing at the 
face of hood were studied.  Face velocities were varied from 0.3 to 0.86 m/s.  The tracer 
gas SF6 was released at a volumetric flow rate of 1 L/m, 15 cm inside the hood, 37 cm 
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from the breathing zone of the manikin.  Measurements taken at the breathing zone of the 
manikin showed exposure was greatest at the lowest face velocity and decreased 
dramatically as face velocity increased.  When the manikin’s hands were placed inside 
the hood, the exposure was twice that seen with the manikin’s hands at the manikin’s 
sides. 
The United Kingdom Atomic Energy Research Establishment (Bull et al., 1987) 
investigated the variation in aerosol concentration around a phantom using 
diethylhexylphosphate (DOP) released in the breathing zone of the phantom to simulate a 
puff release from a confinement box.  DOP particle concentrations on the order of 1010 
/m3 were released at 20 L/min.  The geometric median diameter of the particles was 0.26 
µm with a density of 1 g/cm3.  The confinement box was simply a platform holding the 
nebulizer.  The distance between the face of the box and the front of the phantom varied 
between 30 and 100 cm.  The study showed only a “weak trend” in the decrease of DOP 
concentration as a function of distance from the box. 
Research on contaminant dilution (Welling, et al., 2000) used acetone as the 
contaminant and measured the concentration as a function of distance from the source, 
free stream velocity, body temperature, and source geometry (point vs line).  Comparison 
was made between a stationary worker and worker a moving her arms.  Air flowing from 
the back to the front of the worker resulted in the maximum observed dilution.  Other 
observations included dilution as a function of distance from the source and the increase 
of contaminant concentration when the worker moved her arms.   
A Los Alamos study (Jordan et al., 2001) presented a method to perform 
qualitative dose prediction for accidental releases of material from an enclosure.  The 
model uses two different laboratory airflow conditions, instantaneous and gradual, and 
Department of Energy (DOE) release fractions.  The DOE release fractions quantify the 
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fraction of material released into the air and are based on experimental data and historical 
observations (DOE, 1994).   The instantaneous model assumes the release from a glove 
box is instantaneous and the released material spreads instantaneously and 
homogeneously throughout the room that houses the glove box.  The gradual-mixing 
model assumes an instantaneous leak that disperses in all directions causing the airborne 
concentration to decrease as the cloud disperses.  Most releases fit neither of these 
models.  The report noted the difficulty in making predictions, even qualitatively. 
When hood leakage is investigated using CFD models the results vary.  Lan and 
Viswanathan (2001) used CFD to study the effect of face velocity on flow patterns in the 
area of a person standing in front of the hood.  The model had a hood opening of 300 cm 
wide and 64 cm high with a manikin positioned 20 cm from the opening.  The model 
simulated injection of the tracer gas SF6 at a volumetric flow rate of 0.6 L/m, 15 cm 
behind the plane of the center of the opening with a face velocity across the opening of 
0.3 m/s.  The model predicted no contamination leakage. 
The National Institute of Health (NIH) (Memarzadeh, 1997) used CFD to 
investigate hood performance.   The NIH model used a hood with an opening 96 cm wide 
by 20 cm high.  The leakage was analyzed using average face velocities of 0.25 m/s and 
0.5 m/s.  A simulation of a contaminant released inside the hood was modeled.  Results 
showed the lower sash velocity produced less leakage and the amount of leakage 
increased with the presence of a heated manikin 10 cm from the front of the hood.   
PARTICLE MOTION 
Particle motion can be described using Stokes’s law which is  a solution of the 
Navier-Stokes equations describing fluid motion.  Stokes assumes (Hinds, 1999): 
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1. The fluid is incompressible.  The air does not compress significantly near 
the particle as the particle moves through the air, which is true for particle 
sizes less than 10 μm.  
2. The inertial forces are negligible  compared with the viscous forces.  This 
is true for particle Reynolds number less than 1. 
3. There are no walls or other particles nearby.  The presence of a wall 
within ten diameters of the particle will modify the drag force on the 
particle.  However, due to the small particle size, only a tiny fraction of 
the particles will be within 10 particle diameters of the wall.   
4. The motion of the particle is constant.   
5. The fluid velocity at the particle’s surface is zero.  The assumption of zero 
fluid velocity at the particle’s surface is not met for small particles less 
than 1 μm in diameter and is addressed by use of a correction factor.  The 
factor is called the Cunningham correction factor or slip factor.   This 




λ52.21+=     Equation 1 
where λ is the mean free path of the particle and d is the particle 
diameter.   
Stokes’s law describes terminal settling velocity of a particle with respect to 






V pTS =     Equation 2 
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Equation 2 can be written in terms of an equivalent diameter that is useful in 
aerosol lung deposition studies such as this study.  This diameter, da, is called the 
aerodynamic diameter and is defined as the diameter of a spherical particle of density 1 






V aoTS =     Equation 3 
Taking into account the density and shape of the particle as well as correcting for 
slip, if the particle is less than 1 μm in diameter, particle size and aerodynamic size are 











=    Equation 4 
where da is the aerodynamic diameter, dp is the particle diameter, ρp is the density 
of the particle, ρo is the unit density, χ is the shape factor, Cc(da) is the slip factor for the 
aerodynamic diameter and Cc(dp) is the slip factor for the physical diameter.   
Particle deposition in the lung is described by three phenomena: gravitational 
sedimentation, inertial impaction, and diffusion.  Sedimentation and impaction are 
“aerodynamic” effects and are predominant when the median aerodynamic diameter of 
the particle distribution is greater than 1 μm.  If the median aerodynamic diameter is less 
than 0.1 μm, diffusion (Brownian motion) predominates and particle behavior is 
represented using the thermodynamic equivalent diameter, dth.  The thermodynamic 
equivalent diameter is the diameter of a spherical particle that has the same diffusion 
coefficient as the particle of interest.  The thermodynamic equivalent diameter does not 
depend on particle density and is the physical or geometric diameter of the particle.  The 
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thermodynamic equivalent diameter is the physical or geometric diameter of the particle, 
according to the International Commission on Radiological Protection.  (ICRP, 2003)  
PARTICLE SIZE STUDIES 
Studies have been done to characterize particle size in the workplace, inside 
enclosures, and under accident conditions.  However, there are no studies showing the 
particle-size distribution of material that escapes an open-front hood during routine work. 
Raabe, et al., (1978) measured the particle size and activity of aerosols formed 
inside a glove box during PuO2 mixing and grinding.  In the powder mixing operations, 
the airborne aerosol size distributions had activity median aerodynamic diameters 
(AMADs) of 1.9 ± 0.4 µm and geometric standard deviation of 1.59 ± 0.08 µm.  The 
amount of activity in the air was log-normally distributed with a median value of 45 
nCi/L.   For the grinding operation, the airborne aerosol size distributions had activity 
median aerodynamic diameters of 2.3 ± 0.3 µm and geometric standard deviation of 1.6 ± 
0.1 µm.  The amount of activity in the air was log-normally distributed with a median 
value of 7 µCi/L.   The PuO2 particle density for both operations was calculated to be 7.5 
g/cm3.    
A review of published values of AMAD that included over 52 publications was 
presented by Dorrian and Bailey (1995).  The reported values of AMAD for PuO2 
operations ranged from 0.16 – 15 µm.  The sub-micron particles were produced primarily 
from high temperature operations. 
Los Alamos National Laboratory (Cheng et al., 2004) analyzed air filters 
collected from fixed air samplers and continuous air monitors after an accidental release 
of PuO2 from a glove box.  Transmission electron microscopy was done on the filters and 
from the number of alpha tracks detected from each particle; the volume equivalent 
diameter of the particles was calculated, assuming a 50% counting efficiency and 
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spherical particles.  The aerodynamic diameter of the particle was then calculated using 
the relationship in Equation 4.  Since the true dynamic shape factor was not known, two 
calculations were made using a dynamic shape factor of 1 and 1.5.  The calculated value 
from the two different shape factors were compared using aerodynamic particle size 
determination by resuspension and aerosolization of the particles on the filters.  These 
experimental results agreed well with the calculated value using a dynamic shape factor 
of 1.   The AMAD for an accidental release of PuO2 particles was determined to be 4.8 
µm with a geometric standard deviation of 1.5 µm.   
CALCULATION OF DOSE 
Dose is a generic term to describe the amount of radiation received.  ICRP 60 
provided more descriptive terms such as effective dose and equivalent dose to help 
describe the effect of the radiation on the tissue or human body.  The effects of radiation 
can be described as stochastic, or random, and deterministic.  For stochastic effects, it is 
thought the probability of the effect increases with increasing exposure.  For 
deterministic effects, there is thought to be threshold below which no effect is seen.  
Above this threshold, the severity of the effect increases with increasing dose. 
Equivalent dose (HT) is a measure of the amount of average dose (DT,R) over a 




RTRT DwH ,  
For internal dose, alpha particles are assigned a weighting factor of 20.  For comparison, 
the weighting factor of a beta particle is 1.  This weighting factor takes into account the 
amount of damage the differing types of radiation cause.  An alpha particle is very large, 
compared to a beta particle, and has twice the ionization effect as the beta particle.  The 
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damage an alpha particle causes is 20 times that of the beta particle, all other things being 
equal. 
The effective dose (E) quantifies the combination of different dose from several 
different organs.   The effective dose is the sum of tissue weighted equivalent dose.  The 
tissue weighting factor (wT) represents relative effect the irradiation of each organ has on 




TT HwE  
The calculation of equivalent dose uses models developed by the ICRP.  Much 
research (ICRP78, 1997) has been done on internal deposition of plutonium and the 
resulting dose.  The current dosimetric model for inhalation dose considers the 
respiratory tract as five anatomical regions (ICRP66, 1993), shown in Figure 3: 
(1) the anterior nose (ET1,); 
(2) the posterior nasal passages, larynx, pharynx, and mouth (ET2,);  
(3) the bronchial region (BB), consisting of the trachea and bronchi from which 
deposited material is cleared by ciliary action;  
(4) the bronchiolar region (bb) consisting of the bronchioles and terminal 
bronchioles; and  
(5) the alveolar-interstitial region (AI), consisting of the respiratory bronchioles 
(bronchioles with some alveoli apposed), the alveolar ducts and sacs with their 





Figure 3.  ICRP 66 Respiratory tract 
This respiratory tract model separates the individual models for deposition, 
clearance, absorption, and dosimetry.  Deposition includes the use of both 
thermodynamic and aerodynamic particle motion.  The thermodynamic equivalent 
diameter is the diameter of a spherical particle that has the same diffusion coefficient as 
the particle of interest and describes diffusion behavior prevalent for particles less than 
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0.1 µm in size.  Sedimentation and impaction are “aerodynamic” effects and are 
predominant when the median aerodynamic diameter of the particle distribution is greater 
than 1 μm.   
Other factors influencing deposition are hygroscopicity of the aerosol and 
breathing habits of the worker.  Hygroscopic material readily absorbs water and can grow 
rapidly to many times the original size.  However, for PuO2 this is not an issue.   
Breathing habits affect the amount of inhaled material that deposits in the lung.  The nose 
is a much better filter and “nose breathers” have less material deposit in the lung than 
“mouth breathers”.  The ICRP model reflects the differences in deposition rate.  A normal 
nose breather was selected as the reference worker in this study.  The fractional 
deposition by respiratory tract region for the mean diameters of the MOUDI stages was 
























Figure 4.  Fractional deposition for reference worker 
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Other factors in deposition include type of breathing, nose vs. mouth, and 
breathing rate.  Deposition data for the reference worker are shown in Table 1.  A 
reference worker is assumed to breathe through the nose and to be performing light work 
activity.   
Table 1:  Regional Percent Deposition in Reference Worker (ICRP 66, 1993) 
Region 0.1 μm 1 μm 5 μm 
ET1 3.20 16.52 33.85 
ET2 3.20 21.12 39.91 
BB 0.74 1.24 1.78 
bb 0.48 1.65 1.10 
Al 21.00 10.66 5.32 
Total 33.00 51.19 81.96 
When the activity median aerodynamic diameter (AMAD) is 0.1 µm, only 33% of 
material inhaled is deposited in the lung.  However, 21% of the material inhaled is 
deposited in the Alveolar Interstitial area of the lung.  As discussed in more detail below, 
this material will tend to stay in the lung.  If the AMAD is 5 µm, over 80% of the 
material inhaled will deposit in the lungs.  However, most of the material will move to 
the GI tract or bloodstream. 
The movement of material from the lung is described using a compartment model.  
A compartment model is used to represent time-dependent particle clearance from each 
region.   Lung clearance generally involves three processes: movement of particles into 
blood, movement of particles toward the GI tract, and absorption of material by the 
lymphatic system.   
Material deposited in ET1 region is removed by nose blowing.  In other regions, 
the movement of particles into the GI tract competes with absorption into the blood and 
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lymphatic system.  The fraction of material absorbed into the blood by each process is a 
function of the chemical composition of the material and particle size.  Absorption is 
assumed to occur at the same rate in all regions except ET1, where it is assumed none 
occurs.  The ICRP (ICRP 78, 1997) has identified three types of material absorption 
rates: F, M, and S.   
For type F aerosols, half of the material deposited in the BB, bb and AI is 
absorbed every 10 min. Fifty percent of the material deposited in ET2 is cleared to the GI 
tract, the rest is absorbed at a half-time of 10 minutes. 
For type M material there is rapid absorption (T1/2 of 10 minutes) of about ten 
percent from the BB and bb regions and five from the ET2 region.  The remaining 
material from these regions and the Al region is absorbed at a half-time of 140 days.   
There is very little absorption into the blood stream with type S material.  The 
half-time for the material is approximately 7000 days, with little absorption from the ET2, 
BB, or bb regions.  Only about ten percent of the material deposited in AI reaches the 
bloodstream. 
As an example, if 1 gram of type S material with an average particle size of 0.1 
μm is inhaled, 0.67 g of the material is exhaled.  The 0.03 g deposited in ET1 is removed 
by nose blowing or wiping.  Of the 0.04 g deposited in ET2, BB, and bb, 0.03 is absorbed 
in the blood.  Of the 0.21 g deposited in the AI region, 0.021 g is absorbed in the blood.  
Two hundred fifty milligrams remain in the lung. 
Calculation of the dose to the lung requires:  
1. determination of particle size distribution which relates to the amount of 
activity inhaled and the regional deposition fractions;  
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2. calculation of the number of disintegrations for each compartment of the 
lung which is a function of compartmental residence times and the amount 
of activity deposited 
3. calculation of equivalent doses to regions of the respiratory tract which is 
a function of the specific effective energy absorbed in each target tissue 
from the radiations emitted by each source; 
4. determination of the detriment-weighted equivalent dose by weighting the 
equivalent doses to account for the radio-sensitivity of the different 
regions of the lungs; and  
5. summing the equivalent doses to obtain the total equivalent dose to the 
lung.   
Annex F of ICRP 66 provides values of fractional deposition for each region of 
the lung median thermodynamic and aerodynamic diameters.  The fractions relate to 
nominal intake – they already include the loss of particle before entry into the respiratory 
tract.   
Using the deposition fraction, clearance rate, and absorption rate in coupled 
differential equations, the number of radioactive atoms per compartment can be 

















    Equation 5 
where Ni(t) are the number of atoms in compartment i, kij are rate constants 
describing the movement of material from i to j, and ki is the effective removal constant.   



















−= ∑     Equation 6 
where Ui is the number of transformations in compartment i, N(0) is the initial number of 
atoms at time t = 0, ai,j is the replacement function coefficient, and γ is the eigenvalue 
solution to equation 5. 
There are conservative simplifying assumptions that can be made to calculate the 
number of transformation per compartment.  Multiplying default compartmental 
depositions fractions and approximate residence times from ICRP 66 provides results that 
are quite close to results derived using a computer to solve the differential equations.  
However, the conservation assumptions used lead to an overestimate of dose contribution 
from the lymph nodes.   









)(    Equation 7 
where Yi is the yield of radiation i; Ei is the average energy of radiation i; wr is the 
radiation weighting factor, AF(T←S)i is the absorbed fraction of energy for radiation i in 
target organ T emitted from source organ S; and MT is the mass of target organ T.   For 
PuO2 each radioactive disintegration emits an alpha particle of 5.14 MeV.   The radiation 
weighting factor for alpha radiation is 20. (ICRP, 1997) There are other radiations 
emitted, low-energy x-rays for example, but the mean energies of these radiations are low 
compared with the alpha emission.  The weighted equivalent dose in each target tissue, T, 
from the radiation emitted in the source tissue, S, is determined by multiplying the total 
number of disintegrations (dis.) in the source tissue by the SEE - energy absorbed per unit 
mass in the target tissue, modified by the radiation weighting factor.  The energy 
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absorbed per unit mass in the target tissue is the product of the radiation weighting factor 
(wR), the absorbed fraction (AF), the energy of the radiation (ER), and the yield of the 




























  Equation 8 
Multiply the number of disintegrations/Bq by the SEE (Sv/dis) to get Sv/Bq in each 
compartment. 
The equivalent dose to each compartment in the lung is the product of Equation 6 
and 7.  However, some regions of the lung are more radio-sensitive than other regions.  
The apportionment of the detriment is accomplished using tissue weighting factors for 
regions of the lung.  The detriment weighted, or effective dose, for each compartment is 
the produce of the dose for that compartment and the detriment weighting factor.  The 
sum of the doses to each compartment is the equivalent lung dose.   
The stochastic dose limit recommended by ICRP 60 is 0.02 Sv/year.  This limit is 
based on weighted equivalent dose to the whole body and is the sum of all of the 
weighted organ doses.  The weighting factor for the lung is given in ICRP 60 as 0.12.  
Weighting the effect of the dose in each organ represents the relative contribution of that 
organ to the total detriment of the whole body, not just each organ.  The equivalent lung 
dose is multiplied by the weighting factor and then added to the other organ equivalent 
doses to give the effective dose.   
Effective dose will be calculated using a computer program used at Los Alamos 
National Laboratory.  The computer program is called Activity and Internal Dose 
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Estimates (AIDE) and uses the methodology described above to calculate dose.  The 
program calculated internal doses for a wide range of conditions and the user can change 
almost all the parameters involved, although values recommended by the ICRP are 
present as defaults. The program includes radionuclide decay data and the biokinetic 
models presented in ICRP Publication 66.  A comparison of the calculated dose to the 
dose limit of 0.02 Sv/year will be made.   
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CHAPTER 2:  MATERIAL AND METHODS 
PROCESS DESCRIPTION 
The process investigated in these experiments was the digestion of PuO2 
(Chemistry, 2002).  PuO2 is mixed with a liquid of approximately the same density as 
water and heated on a hot plate until dry.  The hot plate is generally at the maximum 
temperature of 550°C during the process.  A stirring rod is placed in the beaker and the 
mixture was stirred continuously.  When heated to this high temperature PuO2 enters the 
delta phase.  In this phase, the material changes shape and density.  The shape of the 
material is a face entered cubic (Wick, 1980).  A study done at ITRI (Kotrappa, et al., 
1975) measured a PuO2 dynamic shape factor of 1.8. 
EXPERIMENTAL SETUP 
Selection of Surrogate Material and Analysis Method 
The literature cited many investigations where tracer gas was observed leaking 
from a safety enclosure, such as an open-front hood.  Therefore, it was important to 
choose a non-hazardous surrogate material.  In addition, the amount of material observed 
in these studies was on the order of ppm.  Therefore,  the method used to quantify the 
material must  be able to detect these low levels and the material selected had to be 
compatible with the method selected.  Neutron activation analysis (NAA) was selected; it 
is capable of detecting extremely low levels of material by measuring the induced 
radioactivity.  Exposing the sample to a neutron flux induces radioactivity.   
Sodium chloride was selected as the surrogate material.  It is not hazardous and 
when irradiated with neutrons, both the sodium and the chloride become radioactive and 
give a fairly strong signal.  Sodium chloride can be used in place of DOP to test filters 
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use in PuO2 operations.  (Shibata et al., 1990).  A study done at the University of 
Cincinnati proved the efficacy of NaCl for particulate respirator fit testing.  (Qian et al., 
1998).  Sodium chloride aerosols were used to test proper operation of instruments and 
obtain correct instrument settings for measurement of biological organisms (Brosseau, et 
al., 2000). 
Sodium chloride is the same shape as delta phase PuO2 (face centered cubic) and 
has a dynamic shape factor of approximately 1.5. (Kramer et al., 2000)  The default 
dynamic shape factor used by ICRP 66 is 1.5.  Since the sampling is done using an 
aerodynamic sampler, the particles will be collected based on aerodynamic diameter and 
the effect of particle shape on particle collection is negated.   
When either the PuO2 or NaCl solutions are heated, the aerosol formed is initially 
a droplet.  The droplet dries almost immediately and a solid particle remains.  The ratio of 
the size of the particle to the size of the droplet is the cube root of the ratio of the 
concentration of the solution to the density of the solution.  The particle size distribution 
will vary as a function of the solution concentration.  A 4% solution of NaCl was used.  
This concentration will give the same particle size distribution as the PuO2 solution 

























 Equation 9 
Selection of Sampling Apparatus 
In order to determine the range of liquid droplet sizes created by heating the 
sodium chloride solution, a simulation of the experiment was performed, and a Malvern 
Spraytec was used to measure the size of the droplets that were generated (Malvern 
Instruments, Worcestershire, UK).  By measuring the angular intensity of light scattered 
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by striking a particle, the particle size distribution is calculated using a patented multiple 
scattering algorithm.  As shown in Figure 5, a 4% solution of sodium chloride was placed 
on a hot plate and heated to dryness.  Baseline measurements were also taken using 
distilled water.   
 
 
Figure 5.  Particle size distribution with Spraytec 
 Twelve measurements were taken.  The room air currents affected the 
results, so a wooden framed plastic shrouded enclosure shaped like an open front hood 
was placed around the instrument.  Using this configuration, four measurements were 
taken of a 4% salt solution and two measurements were taken of distilled water.  The 
mass median particle size for the four measurements of a 4% salt solution was 14 µm.   
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The amount of material escaping the beaker was also measured by comparing the 
weight of salt in the beaker before heating to the weight of salt in the beaker after heating.  
An average of 3% of the salt escaped the beaker.  Using NAA for analysis of the samples 
requires at least micro gram quantities of material.  So in order to reliably see the aerosol, 
there needed to be milligram quantities of NaCl in the beaker. 
Since particle size distribution by mass must be measured, a Micro-orifice 
Uniform Deposit Impactor (MOUDI) capable of separating the aerosol particles by size 
was selected.  This apparatus is an eight-stage cascade impactor with nine cut-sizes from 
0.19 to 18 μm.  The calibrated cut points for each stage are shown in Table 2.  A tenth 
filter is used as a “backstop” to collect all particles smaller than the last stage, but is not 
calibrated to specific cut-size. It operates at a flow rate of 28.3 L/min.   
Table 2:  Calibrated Cut Points for Each Stage 










The principle of the MOUDI operation utilizes inertial separation of particles 
from the air stream in a classical impactor geometry (Hinds, 1999).  An aerosol is passed 
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through a nozzle and the output stream of air is directed toward a collection media.  
These flat plates deflect the flow and particles larger than a certain aerodynamic size, or 
cut point, are removed from the air stream and smaller particles remain airborne.  
Aerodynamic size, rather than geometric size, determines the trajectory of particles in the 
air stream and accounts for all three major aerodynamic factors:  size, shape, and mass 
density.    
By placing several impactors in series, arranged in order of decreasing cutoff size, 
the distribution of particles is divided into a series of nine contiguous groups according to 
their aerodynamic diameter.  The aerodynamic diameter is defined as the size of a 
spherical particle of mass density 1 g/cm3 that has the same terminal settling velocity as 
the sampled particle.  Aerodynamic diameter is important in particle work because it 
determines the penetration of particles in the human lung.  This is the method used by the 
pharmaceutical companies to evaluate the efficacy of inhalers (Thiel, 2002). 
Particle collection efficiency, or the ability of the MOUDI to capture particles of 
the appropriate size for each stage, is influenced by particle size, interstage losses, and 
particle bounce (Marple, 1991).  Particle bounce occurs when particles rebound off the 
collection media, re-enter the air stream, and move to the next stage of the impactor.  The 
collection media used in this experiment was a MilliporeTM filter rinsed in isopropyl 
alcohol with 5% by volume silicon oil.  After evaporation of the alcohol, the remaining 
oil causes the particles to adhere to the filter, reducing particle bounce. 
The MOUDI has several features to overcome issues associated with sub-micron 
particle collection and interstage losses.  By using very small nozzles the MOUDI 
collects small particles at low jet velocities and consequently low pressure drops. 
Minimizing sharp bends in the interstage flow path reduces interstage losses.  The 
interstage particle loss for the MOUDI is less than 2%. 
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Experimental Facility Description 
The experiment was designed to mimic the conditions of the workplace.  A 
mockup of an open-front hood was constructed.  The dimensions of the hood are 76 cm 
deep by 91 cm wide and 75 cm tall.  There is a 15-cm opening across the front of the 
hood.  There are two exhaust ports in the rear of the box.  One of the ports is 10 cm × 25 
cm and the other is 5 cm × 36 cm.  A detailed drawing is shown in Figures 1 – 3 of 
Appendix A. 
The box was constructed using steel tubing for a frame.  The tubing was welded 
to meet the dimensions shown in Figure 5.  Sheet metal was used for the floor and back 
of the box.  The metal was then powder coated to protect the metal from rusting or 
flaking.  Figure 6 shows the frame of the box prior to powder coating.   
 
 
Figure 6.  Frame of box prior to powder coating 
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Plexiglass was then attached to the front and sides of the box.  Next the sheet 
metal on the back of the box was cut and four inch diameter circular ducting attached.   
The open-front hood was placed in a room, as shown in Figure 7.  The hood was 
connected to exhaust ventilation to provide the typical linear velocity of between 0.4 to 
0.6 m/s (80 to 120 fpm) across the opening of the open front hood.  The velocity through 
the 25 × 10 cm exhaust port was 300 ft/min.  The velocity through the 36 × 5 cm exhaust 
port is 520 ft/min Filtered supply ventilation was provided to the room to reduce the 
amount of nuisance dust and mimic the air quality conditions seen in laboratory settings.  




Figure 7.  Photo of open front box inside room 
A hot plate was placed in the hood.  The center of the hot plate was 15 cm from 
the front face of the hood and in the center of hood.  Flow visualization was done using a 
fog generator.  The fog was introduced into the box and motion of the fog recorded.  First 
the box was tested with the hot plate off.  As shown in Figure 8, the fog flowed from the 





Figure 8.  Motion of fog with hot plate off 
Next the hot plate was heated to 550°C.  As shown in Figure 9, the fog then 
tended to swirl around the hot plate in an outward motion before moving slowly toward 
the exhaust.    
 
 
Figure 9.  Motion of fog with hot plate on 
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Sample Preparation and Collection 
A solution of NaCl dissolved in distilled water was prepared in a 10 cm high 
beaker with a 7 cm diameter opening.  The beaker was placed on the hot plate and heated 
to dryness.  The resulting aerosol was collected by the MOUDI.  A total of 13 
measurements were done.  Each measurement took 2 hours.  Three measurements were 
done to determine the background level of NaCl present in the experimental area.  Three 
measurements were done with the MOUDI placed inside the hood, as shown in Figure 
10.  Three measurements were done with the MOUDI placed outside the hood between a 
stationary worker and the opening of the hood.  Four measurements were taken with the 
MOUDI placed between a worker simulating work and opening of the hood, as shown in 
Figure 11.  Work was simulated by having the worker move her hands in and out of the 
hood at a rate of 30 cm/sec. 
 
 
Figure 10.   MOUDI in hood 
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Figure 11.   Working in Hood 
Sample Analysis 
The amount of material collected on each stage of the MOUDI was determined by 
measuring the amount of radioactivity induced by exposing the sample to a neutron field.  
The amount of induced radioactivity is based on the reaction rate between material and 
the probability of neutron absorption.  The probability of neutron absorption, or cross-
section, is an isotopic, energy-dependent quantity that has been experimentally measured 
and quantified.  The reaction rate, or rate of formation the radioactive species at thermal 
energies, is obtained by integrating the product of the cross-section σ(E), the neutron flux 
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where λ is the decay constant for radioactive atoms and ti is the irradiation time. 
Upon integration, equation 11 yields 
 




= 1   Equation 12 
   
To measure the number of radioactive atoms present it is necessary to measure the 
radioactivity emitted from the decay of these atoms.  This is done using a high-purity 
Germanium Detector (HPGe) gamma spectrometer connected to a multi-channel 
analyzer.  The number of atoms present can be calculated using the following 
relationship: 
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  Equation 13 
where, N is the number of radioactive atoms,  λ is the decay constant for 
radioactive atoms, td is the decay time (time between removal of the sample from the 
reactor and time the analysis begins),  tc is the count time, ti is the irradiation time, and ε 
is the efficiency of the instrument for detecting the gamma radiation.   
Once the number of atoms present is calculated, the mass of sample can be 
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Evaluation of Particle Size Distribution Data 
The background data for each particle size were averaged.  A mass corresponding 
to a 90% confidence level (CL) was calculated from these data, using the formula in 
Equation 15.   
 
bkgavgCL bkgavg +×= σ282.1%90   Equation 15 
The three sets of data collected when the MOUDI was placed in the hood, the 
three sets of data collected with the MOUDI between a stationary worker and the opening 
to the hood and the four sets of data collected with the MOUDI between a worker 
working in hood and the hood opening were compared to the 90% confidence level.  
Results above the 90% confidence level were then corrected for background and 
averaged.  The mass and cumulative mass as a function of particle size was plotted.  A 
Kolmogorov-Smirnov (KS) test was performed to determine the nature of the data 
distribution and to confirm that the averaged sample data was statistically different from 
the background data (Press, 1992). 
The KS test is applicable to unbinned distributions that are a function of a single 
independent variable, such as mass to particle size.  This non-parametric test can compare 
two different distribution types (i.e., log normal and bi-modal).  It is based on cumulative 
distributions and measures if one distribution is significantly different from another 
distribution.   
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CHAPTER 3:  RESULTS 
BACKGROUND MEASUREMENTS 
To measure background in the experiment room, the MOUDI was run for two 
hours on three separate occasions to collect background particles in the room.  The 
supply and exhaust ventilation was on in both the room and the open-front hood.  The hot 
plate was off, no sample was in the hood, and no one was in the room during the 
collection of the background sample.  The results are shown in Table 4. 
Table 3:  First Background Run  
 Na Cl 
Sample ID Mass (µg) ± (µg) Mass (µg) ± (µg) 
1 0.387 0.0167 2.02 0.0436 
2 0.563 0.0185 2.19 0.0455 
3 0.774 0.0224 2.29 0.0476 
4 0.693 0.0206 1.87 0.0414 
5 0.592 0.0214 2.04 0.0452 
6 0.703 0.0206 2.12 0.0447 
7 0.727 0.0220 2.46 0.0497 
8 0.993 0.0256 2.78 0.0546 
9 0.657 0.0213 1.98 0.0437 
10 1.01 0.0264 4.08 0.0729 
 
Table 4:  Second Background Run 
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 Na Cl 
Sample ID Mass (µg) ± (µg) Mass (µg) ± (µg) 
11 0.72 0.0219 2.13 0.0454 
12 0.38 0.0161 1.69 0.0385 
13 0.63 0.0194 1.93 0.0428 
14 1.24 0.0295 2.67 0.0537 
15 1.26 0.0304 2.76 0.0549 
16 0.913 0.0239 2.13 0.0455 
17 0.601 0.0200 1.72 0.0399 
18 0.783 0.0231 2.42 0.0505 
19 0.775 0.0230 2.11 0.0449 
20 1.16 0.0287 3.65 0.0675 
21 0.652 0.0209 2.07 0.0444 
22 0.600 0.0194 1.95 0.0426 
23 0.717 0.0219 2.19 0.0466 
24 0.462 0.0178 1.77 0.0405 
25 0.430 0.0178 1.91 0.0429 
26 0.617 0.0189 1.79 0.0398 
27 0.458 0.0196 1.87 0.0415 
28 0.536 0.0187 1.90 0.0425 
29 0.737 0.0211 2.09 0.0444 




 The sum of the Na and Cl masses were averaged, the standard deviation of the 
sum calculated, and these results tabulated as a function of the particle median 
aerodynamic diameter.  This tabulation is shown in Table 5.  Notice there are only nine 
particle sizes.  The tenth sample for each run represents a “backstop” that is not calibrated 
to a specific cut point.  A Kolomogorov-Smirnov (KS) test was run to determine the 
distribution of the background data.  The data were consistent with a log-normal 
distribution.  Using 15 from Chapter 2, the signal mass of a 90% confidence level was 
calculated for each stage of the MOUDI was calculated.  These results are shown in 
Table 4.  The graphical representation of this tabulation is shown in Figure 12. 
Table 5:  Average NaCl Background  
 NaCl  
Diameter Mass (µg) ± (µg) 90% CL (µg) 
18 2.6587 0.0845 2.7670 
9.9 9.7868 2.1096 12.4913 
6.2 7.6875 1.5682 9.6979 
3.1 5.7583 1.1996 7.2961 
1.8 3.1244 0.5862 3.8758 
1 2.0836 0.3060 2.4759 
0.54 1.1905 0.1400 1.3699 
0.32 1.1866 0.1035 1.3193 





















Figure 12.  Background mass as a function of particle size 
MEASUREMENTS OF MATERIAL ESCAPING WHILE NO WORK IS BEING PERFORMED 
The MOUDI was run for two hours to collect particles escaping from the hood 
while a worker sat stationary in front of the hood.  The supply and exhaust ventilation 
was on in both the room and the open-front hood.  The NaCl solution was heated on the 
550°C hot plate.  The results of the first run conducted are shown in Table 6.  
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Table 6:  First no-motion NaCl mass collected 
 Na Cl 
Sample ID Mass (µg) ± (µg) Mass (µg) ± (µg) 
41 0.733 0.0244 4.25 0.0740 
42 0.923 0.0239 2.16 0.0445 
43 1.83 0.0374 2.96 0.0566 
44 1.32 0.0305 2.91 0.0565 
45 0.914 0.0243 2.84 0.0550 
46 0.983 0.0245 2.30 0.0468 
47 1.02 0.0255 2.76 0.0541 
48 1.08 0.0262 2.28 0.0472 
49 1.28 0.0297 2.44 0.0494 
50 1.57 0.0338 3.19 0.0601 
 
While unloading the MOUDI from the run conducted on December 5, I dropped 
Sample ID 110 on the floor.  This sample became contaminated with the dust particles 




Table 7:  Second no-motion NaCl mass collected  
 Na Cl 
Sample ID Mass (µg) ± (µg) Mass (µg) ± (µg) 
101 1.29 0.0298 2.62 0.0526 
102 0.731 0.0219 2.26 0.0478 
103 1.03 0.0265 2.63 0.0538 
104 0.870 0.0236 2.41 0.0493 
105 1.31 0.0310 3.09 0.0601 
106 0.879 0.0244 2.33 0.0487 
107 0.510 0.0181 1.80 0.0410 
108 0.775 0.0227 2.18 0.0467 
109 0.642 0.0205 1.93 0.0426 
The exhaust fan for the open-front hood failed on third run when samples 121-130 
were collected.   Therefore, the results shown in Table 8 for these samples are suspect 
and not included in the data analysis. 
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Table 8.  Third no-motion NaCl mass collected 
 Na Cl 
Sample ID Mass (µg) ± (µg) Mass (µg) ± (µg) 
121 3.51 0.0636 6.55 0.110 
122 2.80 0.0537 5.39 0.0931 
123 2.63 0.0515 5.30 0.0922 
124 4.04 0.0707 5.60 0.0959 
125 3.52 0.0641 6.43 0.109 
126 2.14 0.0430 3.96 0.0726 
127 1.82 0.0380 3.64 0.0675 
128 1.30 0.0309 3.05 0.0592 
129 1.632 0.0356 3.10 0.0603 
130 2.21 0.0445 4.92 0.0859 
Results above the 90% confidence level were background-corrected, averaged, 
and tabulated as a function of the median aerodynamic diameter.  This tabulation is 
shown in Table 9.  The graphical representation of this tabulation is shown in Figure 13. 
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Table 9:  Average NaCl Mass for Stationary Worker 
Diameter Mass (µg) ± (µg) 
18 1.7895 0.1299 
1.8 0.9508 0.5931 
1 1.1619 0.3153 
0.54 1.8564 0.1587 



















Figure 13.  Mass as a function of particle diameter with no work 
A KS test was run to determine the distribution of the data.  The data were 
consistent with a log-normal distribution.  The KS test was also used to compare the 
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experimental data with the background data.  The experimental data was found to be 
different from the background data with a 90% probability. 
The median particle size for this geometry was determined by plotting the 
cumulative mass as a function of particle size, as shown in Figure 14.  The average 



















Figure 14.  Particle diameter distribution – with no work occurring 
MEASUREMENTS OF MATERIAL ESCAPING WHILE WORK IS BEING PERFORMED 
The MOUDI was run for two hours to collect particles escaping from the hood 
while a worker seated in front of the hood moved her hands in and out of the hood 
opening at an average rate of 0.3 m/s.  The supply and exhaust ventilation was on in both 
the room and the open-front hood.  The NaCl solution was heated on the 550°C hot plate.  
During the first run, the hot plate failed while collecting the samples.  The results for the 
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samples are shown in Table 10; however, these results were not included in the data 
analysis.   
Table 10. First motion NaCl mass collected 
 Na Cl 
Sample ID Mass (µg) ± (µg) Mass (µg) ± (µg) 
31 0.733 0.0244 4.25 0.0740 
32 0.923 0.0239 2.16 0.0445 
33 1.83 0.0374 2.96 0.0566 
34 1.32 0.0305 2.91 0.0565 
35 0.914 0.0243 2.84 0.0550 
36 0.983 0.0245 2.30 0.0468 
37 1.02 0.0255 2.76 0.0541 
38 1.08 0.0262 2.28 0.0472 
39 1.28 0.0297 2.44 0.0494 
40 1.57 0.0338 3.19 0.0601 
 
Results for motion of runs 2 - 4 are shown in Tables 11, 12, and 13; respectively. 
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Table 11. Second motion NaCl mass collected 
 Na Cl 
Sample ID Mass (µg) ± (µg) Mass (µg) ± (µg) 
71 1.02 0.0318 2.31 0.0560 
72 1.57 0.0349 3.36 0.0641 
73 2.81 0.0531 4.62 0.0819 
74 0.714 0.0216 1.71 0.0395 
75 1.33 0.0323 3.29 0.0623 
76 1.59 0.0344 3.01 0.0584 
77 0.705 0.0211 2.19 0.0462 
78 0.876 0.0236 2.18 0.0462 
79 1.13 0.0286 2.54 0.0522 
80 1.64 0.0356 3.44 0.0648 
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Table 12. Third motion NaCl mass collected 
 Na Cl 
Sample ID Mass (µg) ± (µg) Mass (µg) ± (µg) 
81 1.32 0.0314 2.8 0.0552 
82 1.86 0.0394 3.42 0.0643 
83 1.52 0.0344 2.92 0.0571 
84 2.83 0.0532 4.97 0.0866 
85 1.59 0.0350 3.03 0.0593 
86 1.50 0.0344 2.72 0.0549 
87 1.42 0.0321 2.74 0.0545 
88 1.27 0.0306 2.45 0.0509 
89 0.814 0.0231 2.35 0.0489 
90 1.07 0.0266 2.76 0.0553 
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Table 13. Fourth motion NaCl mass collected 
 Na Cl 
Sample ID Mass (µg) ± (µg) Mass (µg) ± (µg) 
91 2.19 0.0442 4.00 0.0725 
92 1.15 0.0289 2.43 0.0502 
93 1.05 0.0272 2.64 0.0536 
94 0.803 0.0237 2.34 0.0491 
95 0.834 0.0238 2.05 0.0442 
96 0.682 0.0217 1.77 0.0405 
97 1.24 0.0298 2.50 0.0518 
98 0.912 0.0235 1.56 0.0370 
99 0.953 0.0248 2.09 0.0452 
100 2.10 0.0440 3.79 0.0701 
 
Results above the 90% confidence level were corrected for background, averaged, 
and tabulated as a function of the median aerodynamic diameter.  This tabulation is 
shown in Table 14.  The graphical representation of this tabulation is shown in Figure 15. 
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Table 14:  Average NaCl Mass for Worker in Motion 
Diameter Mass (µg) ± (µg) 
18 1.8926 0.1501 
1.8 0.9182 0.5965 
1 1.6740 0.3233 
0.54 2.4071 0.1725 
0.32 1.8976 0.1373 



















Figure 15.  Work mass as a function of particle diameter. 
The data appears bi-modal or maybe even tri-modal.  The KS test was run on the 
data for particle size less than 10 μm to determine the distribution of the data.  This sub-
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set of the data was consistent with a log-normal distribution.  The KS test was also used 
to compare the experimental data with the background data.  The experimental data was 
found to be different from background data with 97% probability.  The KS test was used 
to compare these data with the data collected with a stationary worker in front of the 
hood.  The data sets are different with a probability of 90%.  
The median particle size for this geometry was determined by plotting the 
cumulative mass as a function of particle size, as shown in Figure 16.  The median mass 



















 Figure 16. Particle diameter when work is being performed 
MEASUREMENTS OF MATERIAL ESCAPING WITH MOUDI IN HOOD 
The MOUDI was run for two hours to collect particles in the hood.  The supply 
and exhaust ventilation was on in both the room and the open-front hood.  The NaCl 
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solution was being heated on the 550°C hot plate.  The results of the three runs are shown 
Tables 15, 16, and 17.   
Table 15. First MOUDI in hood NaCl mass collected 
 Na Cl 
Sample ID Mass (µg) ± (µg) Mass (µg) ± (µg) 
51 19.2 0.284 30.7 0.440 
52 2.3 0.0437 4.40 0.0777 
53 1.22 0.0284 2.42 0.0494 
54 1.04 0.0256 2.45 0.0497 
55 1.17 0.0273 2.26 0.0471 
56 1.44 0.0318 2.91 0.0561 
57 1.30 0.0299 3.08 0.0590 
58 1.52 0.0332 3.66 0.0669 
59 1.46 0.0322 2.99 0.0576 
60 2.30 0.0451 4.95 0.0853 
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Table 16. Second MOUDI in hood NaCl mass collected 
 Na Cl 
Sample ID Mass (µg) ± (µg) Mass (µg) ± (µg) 
61 29.2 0.429 45.20 0.640 
62 24.6 0.363 38.19 0.545 
63 13.8 0.217 21.38 0.324 
64 3.97 0.0779 7.70 0.135 
65 6.05 0.108 10.01 0.167 
66 2.78 0.0594 4.95 0.0953 
67 1.84 0.0457 3.57 0.0746 
68 1.68 0.0431 3.19 0.0698 
69 2.07 0.0493 4.26 0.0853 
70 2.95 0.0632 5.93 0.109 
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Table 17. Third MOUDI in hood NaCl mass collected 
 Na Cl 
Sample ID Mass (µg) ± (µg) Mass (µg) ± (µg) 
111 13.6 0.206 21.5 0.315 
112 18.1 0.271 28.7 0.414 
113 44.9 0.649 69.9 0.980 
114 14.9 0.224 23.6 0.344 
115 15.9 0.237 24.8 0.360 
116 15.2 0.229 24.5 0.356 
117 5.59 0.0922 9.58 0.150 
118 3.07 0.0561 5.09 0.0881 
119 4.89 0.0823 8.71 0.138 
120 3.99 0.0693 7.69 0.124 
 
Results above the 90% confidence level were corrected for background, averaged, 
and tabulated as a function of the median aerodynamic diameter.  This tabulation is 
shown in Table 18.  The graphical representation of this tabulation is shown in Figure 17. 
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Table 18:  Average NaCl Mass for MOUDI in Hood 
Diameter Mass (µg) ± (µg) 
18 34.99 19.85 
9.9 46.12 11.31 
6.2 68.11 56.30 
3.1 19.93 6.94 
1.8 17.04 18.97 
1 14.53 18.95 
0.54 6.12 5.95 
0.32 3.60 1.82 


















Figure 17.  Particle diameter distribution with the MOUDI in hood 
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A KS test was run to determine the distribution of the data.  The data was 
consistent with a log-normal distribution.  The KS test was also used to compare the 
experimental data with the background data.  The experimental data was found to be 
different from the background data with 100% probability.   
The median particle size for this geometry was determined by plotting the 
cumulative mass as a function of particle size, as shown in Figure 18.  The average 


















Figure 18.  Mass as a function of particle diameter with the MOUDI in the hood 
CALCULATION OF DOSE 
Now the particle size distribution is known, dose can be calculated.  The 
deposition fraction is given in ICRP 66.  Clearance is predominant in region ET.  
Clearance and absorption are competing processes in regions BB, bb, and AI.  The 
processes are modeled by coupled differential equations.  Plutonium is a Type S material, 
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represented by the assumption that 0.1% of the initially deposited material is absorbed 
rapidly (sr of 100 d-1) and that 99.9% of the material is absorbed at a slow rate, ss, (of 
0.0001 d-1) into the lymph nodes (LNTH and LNET).  Clearance from the each 
compartment is based on where the material is deposited.  A compartment may be fed 
activity from several initial deposition compartments.  The number of transformations 
(Us) in each compartment is the product of the deposition fraction, residence time, mass, 
the specific activity, and the time constant of 86400 s/day.  The number of disintegrations 
per Bq inhaled into each compartment and the dose per Bq inhaled was calculated both 
by hand and using a Los Alamos program.  The printouts from the AIDE program 
showing the number of disintegrations per Bq (Us) and dose equivalent per Bq (Sv/Bq) 
for each particle size are shown in Appendix A.  The comparison of the hand calculation 
and computer program results for 1 µm particles is shown in Table 19.   Note the 
conservatism that is introduced using approximations given in ICRP 66 instead of solving 
the coupled differential equations that describe the deposition and clearance of material 
from the lung. 
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Table 19.  Comparison of Sv/Bq results using AIDE and Hand Calculation 
Compartment AIDE Hand 





































To calculate the dose due to inhalation of particles with a mass median diameter 
of 1 µm, the data in Table 19 are multiplied by the activity inhaled by the worker.  The 
activity inhaled by the worker is calculated by multiplying the mass collected with the 
MOUDI, and the specific activity for PuO2 (2400 Bq/µg).  This product is then corrected 
to take into account the deposition fraction for the MMD of the particle distribution and 
difference between the MOUDI flow rate and the breathing rate of reference man.  The 
MOUDI operates at a flow rate 1.7 times the breathing rate of a reference man 















  Equation 16 
 
The mass collected, MMD measured, the deposition fraction for the measured 
MMD and the activity inhaled for both work and no work is shown in Table 20.   
57 













Work 11.13 ± 0.54 0.35 ± 5.1 0.32 5.00×103± 
2.43×102 
No-work 7.73 ± 0.46 0.54 ± 3.7 0.36 3.92×103± 
2.33×102 
 
The potential dose directly in front of the open front hood is now calculated by 
multiplying the activity (Bq) collected by the MOUDI for each experimental condition by 
the total dose per activity for the measured mass median diameter.  Table 21 shows the 
results of the calculation. 
Table 21.  Activity Inhaled for each Experimental Condition 
Experimental 
Condition 





Work 5.00 × 103± 2.43 × 102 1.60× 10-5 0.08 ± 0.01 
No-work 3.92 × 103 ±  2.33 × 102 1.89× 10-5 0.07  ± 0.01 
 
The dose to the worker will be less.  Work done by Welling (Welling, et al., 
2000) with tracer gas showed a decrease in concentration of contaminant as a function of 
distance.  At a distance of 40 cm, the distance from the MOUDI inlet to the worker 
breathing zone, the contaminant is diluted by a factor of 36.  Based on this factor, the 
maximum dose to the worker would be 2 mSv. 
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CHAPTER 4:  DISCUSSION 
CAPTURE EFFICIENCY AND HOOD LEAKAGE 
The larger particles tended to be captured by the exhaust, whereas the smaller 
particles escaped the hood, becoming available for inhalation.  The MMD of the escaping 
particles was in the range of that observed in other measurements.  The MMD of the 
escaping particles was smaller when work was simulated. 
The capture efficiency of the hood can be expressed: 
 
masstotal
hoodoutsidemassE −= 1      Equation 17 
 When work is performed, the mass observed outside of the hood is 11.13 μg.  The total 
mass in hood is the sum of the mass observed with the MOUDI in the hood (71.4 μg) and 
the mass observed out of the hood (11.13 μg).  The collection efficiency is calculated 
from Equation 17 to be 0.77.  So the box captures 77% of the contaminants generated 
when work is performed in the hood.  The capture efficiency increases to 90% when the 
worker is stationary. 
For a “perfect” box, no contaminants would escape and the capture efficiency 
would be 100%.  In this case, the volumetric flow rate out of the box would be zero.  A 
worst case situation could be work on a bench top with a capture efficiency of 0.  In this 
case, the volumetric flow rate into the box equals the volumetric flow rate out of the box.  










=       Equation 18 
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This relationship is shown in Figure 19.  The volumetric flow rate out of the box 
is calculated to be 0.01 m3/sec when work is performed, compared to 0.007 m3/sec when 















Work - Dose = 5 mSv
No Work - Dose = 5 mSv
Dose = 20 mSv
 
Figure 19.  Relationship between volumetric flow rate and capture efficiency 
If the concentration outside of the box were 4 times higher than that seen when 
work is performed, the resulting dose to the worker would approach the dose limit of 0.02 
Sv.  The capture efficiency for this scenario is 54%.  The volumetric flow rate out of the 
box is calculated to be 0.04 m3/sec. 
EFFECT OF HAND MOTION ON HOOD LEAKAGE 
Hood leakage can be modeled as flow through the rotor of an axial flow fan.  The 
power required to move a volume of air is described mathematically as: 
TW •= ω&     Equation 19 
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where ω is the angular velocity of the shaft of the fan and T is the torque.  For uniform 
flow, the torque is calculated: 
 
)( inletoutlet VVrQT −=
•
ρ    Equation 20 
Assuming the fan operates at 1000 rpm, the blade inlet angle is 30º and the outlet angle is 
60º, the density of air at Los Alamos is 0.98 kg/m3 and the average radius of the blade is 











































































Table 22.  Fan Power for varying box capture efficiencies 
Condition Vout (m/sec) 
•
outQ (m
3/sec) Fan Power (mW) 
Perfect 0 0 0 
No Work 0.05 0.007 287 
Work 0.08 0.011 451 
No Box 0.5 0.068 2790 
MODELING OF HOOD LEAKAGE 
CFD modeling could be used to evaluate the experimental results.  In order to 
obtain valid results, the model must reflect the experimental conditions.  Therefore, 
details such as a drawing of the open front box, the room containing the open front box, 
the position of the hot plate, beaker of solution, and worker with respect to the box and 
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the room, exhaust volumetric flow rates out of the box, and heat sources must be known.  
A detailed drawing of the experimental setup is given in Appendix A.   
The region of interest is directly in front of the hood opening.  In order to 
accurately model the influence of the worker in front of the hood, a cube 30 cm wide, 70 
cm tall and 20 cm deep can be used.  The heat generated by this cube is calculated using 
American Society of Heating, Refrigerating, and Air Conditioning Engineers (ASHRAE, 
1993) and work by Fanger (Fanger, 1992).   When a person is stationary, total heat loss 
from the body averages around 100 W.  Moderate activity results in a total body heat loss 
of around 500 W.   The surface area of a cube 30 cm wide, 70 cm tall and 20 cm is 0.82 
m2.  So the rate of heat loss through the skin is 122 W/m2 for the stationary worker and 
610 W/m2 when work is performed. 
 












σ  = the Stefan-Boltzmann constant = 5.67 × 10-8 W/(m2K4) 
ε = the emissitivity of ceramic = 0.7 
T = temperature in Kelvin = 823 
STATISTICAL SIGNIFICANCE OF MEASUREMENTS 
In Figure 20, the average cumulative particle size distribution of the gross 
measurement for motion, no-motion, and with the MOUDI in the hood is compared to the 
background particle size distribution.  Figure 21 shows the net cumulative particle size 
distribution.  It is easily seen that each measurement was different from background.   
The Kolmogorov-Smirnov (K-S) comparison was done using free ware from the College 
of Saint Benedict, Saint John’s University Physics department.  The freeware results were 
62 
validated using a known particle size distribution.  The KS comparison for motion 
showed a log-normal distribution for particle sizes smaller than 10 μm and the average 
measurement was different from background with a 97% probability.  The average no-
motion measurement was log-normal and different from background with a probability of 
90%.  The measurement of the average mass collected when the MOUDI is in the hood is 
log-normal and different from background with a probability of 100%.  A comparison of 
the average measurement for motion and the average measurement for no-motion shows 












































Figure 21.  Comparison of net particle size distribution  
COMPARISION OF CALCULATED DOSE 
The exposure directly outside of the hood each time a heating process is used to 
digest a sample was 0.08 Sv.  Assuming the worker spent the entire time in front of the 
hood working, the resulting dose was calculated to be 2 mSv.  In reality, the worker is in 
front of the hood only 10% of the time.  Given this operation is performed approximately 
24 times a year, the resulting dose to the worker would be 5 mSv.  This is one quarter of 
the limit recommended by ICRP. 
It is interesting to look at the range of variation of equivalent dose conversion 
factors as a function of mass median diameter, shown in Figure 22.  The dose conversion 
factor of the measured mass median diameter for a worker in motion and a stationary 













Figure 22.  Dose conversion factor as a function of particle size 
As shown in Figure 23, the dose estimate could be low by a factor of 4 for a 
stationary worker and a factor of 3 for a worker in motion.  The MMD observed in this 
research compare to the values seen in the literature search.  The Dorrian and Bailey 
paper gave a range of MMDs for Pu work of 0.16 – 5 µm and noted that for heating 
operations, such as the operation investigated in this research, the MMD was sub-micron.  
The Task Group on Lung Dynamics (TGLD, 1966) noted that deposition was relatively 
insensitive to the geometric standard deviation.  The dose estimate for this range of 
particle sizes could vary as much as a factor of 10.   
In order to verify the measurements made in this research, a comparison to other 
dose indicators was done.  Worker bioassay is used to determine the amount of material 
inhaled.  These measurements are done routinely and after any event that could have 
resulted in a release of material into laboratory air.  The workers are monitored for 
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internal doses using urine bioassay.   The Los Alamos National Laboratory urine bioassay 
technique is able to detect doses as low as 0.002 Sv (Inkret et al., 1999).  This minimum 
detectable dose assumes the plutonium is inhaled in a single intake, 180 days prior to the 
urine sample.  For the operation mimicked in this experiment, the inhalation occurs not 
all at once, but over the entire year.  The minimum detectable dose for this situation 
would be more than 0.002 Sv.  The dose calculated for this research is 20% above the 
LLD for the bioassay.  The workers who perform this type of activity are routinely 
monitored and do not have measurable internal doses. 
 The workplace airborne contamination levels are monitored using a continuous 
air monitor.  The alarm set point for the air monitors is 1.2 Bq/m3.  The concentration 
measured by the MOUDI over the 2 hours while work was performed is the activity 
divided by the collection efficiency and flow – 39.4 Bq/m3. 
But as discussed earlier, the concentration decreases as a function of distance 
from the source.  The volume of the air seen by the breathing zone was estimated to be 36 
times greater than that seen by the MOUDI.  So if the CAM were positioned at the 
breathing zone of the worker, the concentration of contaminant due to the work in the 
hood would be on the order of 1 Bq/m3.  In fact, the CAMs are located above the 
breathing zone of the worker.  So the concentration of air sampled by the CAM is less 
than the 1 Bq/m3 calculated.  Indeed, CAM alarms are not observed when this type of 
work is performed. 
In Appendix C, the dose calculated by the Los Alamos program is compared to 
hand calculation.  The hand calculation does not use coupled differential equations but 
makes simplifying assumptions regarding the competing processes of clearance within 
the thoracic lymph nodes.  The simplifying assumptions overestimate the amount of 
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material deposited in the thoracic lymph nodes, thereby overestimating the dose to that 
region of the lung.   
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CHAPTER 5:  CONCLUSIONS AND RECOMMENDATIONS 
This research used neutron activation analysis to measure microgram quantities of 
aerosol.  This method allowed for quantitative measurement of the aerosol escaping an 
open-front hood, including measurement of particle size distribution.  The measured mass 
median diameter ranged from 0.35 µm ± 5.1 µm when a person was moving their hands 
in and out of the hood to 0.54 µm ± 3.7 µm when a worker simply sat in front of the 
hood.  These values are within the range of measurements done in other research. 
The exposure directly outside of the hood each time a heating process is used to 
digest a sample was 0.08 ± 0.01 Sv.  However, the dose to the worker is 36 times lower 
than the dose measured at the exit of the hood.  Assuming the worker spent the entire 
time in front of the hood working, the resulting dose was estimated to be 2 mSv.  In 
reality, the worker is in front of the hood only 10% of the time.  Given this operation is 
performed approximately 24 times a year, the resulting dose to the worker would be 5 ± 
0.3 mSv.  This is a quarter of the limit recommended by ICRP. 
Based on the experimental error, this value could be low by a factor of 4.  There 
was little difference between the dose calculated for a worker in motion and a stationary 
worker.  The dose while work was being performed is 5% higher.  Comparison of these 
results to measured worker doses and continuous air monitoring results showed the 
experimental results may be somewhat higher.  The lower limit of detection for urine 
bioassay is 0.002 Sv (Inkret, et al., 1999).  Workers performing the activity mimicked in 
this experiment are routinely monitored and do not have measurable internal doses.  The 
most likely reason for the high experimental results is the placement of the sample 
digestion apparatus.  For this experiment, the material was place 10 cm from the hood 
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opening.  In reality, the material is slightly further back in the hood.  Placing the material 
further back in the hood likely decreases the amount of material escaping the hood. 
This research is unique as it measures particle size distribution from routine 
working conditions.  It is important as the results allow for quantitative measurement of 
worker exposure and determination of the adequacy of the open front hood for this type 
of work.  This work is important as it quantifies the effectiveness of the open front hood 
for controlling inhalation hazards.  This information is key for managing the risk to 
workers. 
Determination of the adequacy of the open front hood is a cost-benefit analysis.  
Cost-benefit analysis is described in ICRP 37 (ICRP, 1983) and the general concept of 
optimization of protection is expanded on in ICRP 55 (ICRP 55, 1988).  ICRP 37 method 
compared cost of an engineered control with the detriment associated with the potential 
health effects, $10,000 per Sv and any additional non-health costs associated with dose 
such as the reduced efficiency of workers.  ICRP 55 expanded the comparison to include 
less quantifiable factors such as worker acceptance. 
Assuming a Sv is worth $10,000, the total value of the dose from performing 
dissolution in an open-front hood 24 times a year is $50.  If the work was done in a glove 
box, the internal dose to the worker is assumed to be zero.  However, Los Alamos 
experiences, on average 13 ergonomic injuries per year due to glove box work.  The 
average cost per injury is between $10,000 and $120,000, based on the joint injured and 
whether surgery is required.  The average annual cost due to ergonomic injuries from 
glovebox work is estimated to be $500,000 (Lawton, 2006).  This is 10000 times the cost 
of the projected worker dose.  Therefore, an open-front hood provides reasonable 
protection to the worker. 
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It would be interesting to repeat the experiment varying the concentration of the 
solution.  This change in concentration would likely change the mass median diameter of 
the particles escaping the hood.  As the resulting effective dose is a function of particle 
size, the worker dose would likely vary as a function of solution concentration.  The 
effect of the location of the hot plate/beaker in the hood on the mass of material released 
from the hood would be another interesting experiment.  Additional measurements along 
the face of the hood and at the worker’s breathing zone would give information about the 
change in aerosol concentration as a function of distance from the source.  
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APPENDIX A – DIAGRAM OF EXPERIMENTAL SETUP 
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1 – person 




1 – person 
2- beaker on hot plate
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APPENDIX B – LOS ALAMOS PROGRAM OUTPUT 
Exhibit B1:  Sv/Bq for 0.54 um 
Series with 1 element(s): 
Isotope(s): Pu-239  
 
Model(s):   PU 
Subject: Standard Worker (Nose Breather)                    
 
Intake: Inhalation, Single, without intake of progeny.        
Element: Pu-239  
Initial or daily activity:  1.000E+00 Bq 
Inhalation: Respiratory Tract: ICRP-66 
Compound: Type S   
GI Absorption Fraction: f1 =:  1.000E-05 
AMAD (um): 5.400E-01 
Dosimetric System: ICRP-60        
 
 
Committed Equivalent Doses (Sv): 
 
Highest committed equivalent dose: Bone Surface 1.89E-04 
Remainder formulation: Default 
 
Time (Years)     50.00 
===================================================== 
Adrenals      3.19E-07 
Bladder Wall  3.19E-07 
Bone Surface  1.89E-04 
Brain         3.19E-07 
Breasts       3.19E-07 
Esophagus     3.19E-07 
St Wall       3.20E-07 
SI Wall       3.20E-07 
ULI Wall      3.24E-07 
LLI Wall      3.33E-07 
Colon         3.28E-07 
Kidneys       7.99E-07 
Liver         3.93E-05 
Muscle        3.19E-07 
Ovaries       2.45E-06 
Pancreas      3.19E-07 
Red Marrow    9.62E-06 
ET Airways    2.47E-05 
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Lungs         8.60E-05 
Skin          3.19E-07 
Spleen        3.19E-07 
Testes        2.49E-06 
Thymus        3.19E-07 
Thyroid       3.19E-07 
Uterus        3.19E-07 
------------------------------------------------------------------- 
Rem.ICRP-60   3.37E-07 
 Eff. Dose:   1.60E-05 
===================================================== 
ET1-bas       2.47E-05 
ET2-bas       2.47E-05 
LN-ET         4.39E-05 
BBi-bas       3.19E-06 
BBi-sec       4.75E-05 
bbe-sec       7.63E-05 
AI            1.54E-04 
LN-Th         8.93E-04 
------------------------------------------------------------------- 
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Exhibit B2:  Sv/Bq for 0.35 um 
Series with  1 element(s): 
Isotope(s): Pu-239  
 
Model(s):   PU 
Subject: Standard Worker (Nose Breather)                    
 
Intake: Inhalation, Single, without intake of progeny.        
Element: Pu-239  
Initial or daily activity:  1.000E+00 Bq 
Inhalation: Respiratory Tract: ICRP-66 
Compound: Type S   
GI Absorption Fraction: f1 = :  1.000E-05 
AMAD (um): 3.500E-01 
Dosimetric System: ICRP-60        
 
 
Committed Equivalent Doses (Sv): 
 
Highest committed equivalent dose: Bone Surface 2.21E-04 
Remainder formulation: Default 
 
Time (Years)     50.00 
===============================================================
==== 
Adrenals      3.75E-07 
Bladder Wall  3.75E-07 
Bone Surface  2.21E-04 
Brain         3.75E-07 
Breasts       3.75E-07 
Esophagus     3.75E-07 
St Wall       3.75E-07 
SI Wall       3.76E-07 
ULI Wall      3.79E-07 
LLI Wall      3.87E-07 
Colon         3.83E-07 
Kidneys       9.37E-07 
Liver         4.61E-05 
Muscle        3.75E-07 
Ovaries       2.87E-06 
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Pancreas      3.75E-07 
Red Marrow    1.13E-05 
ET Airways    1.46E-05 
Lungs         1.02E-04 
Skin          3.75E-07 
Spleen        3.75E-07 
Testes        2.92E-06 
Thymus        3.75E-07 
Thyroid       3.75E-07 
Uterus        3.75E-07 
------------------------------------------------------------------- 
Rem.ICRP-60   3.88E-07 






APPENDIX C – SAMPLE CALCULATION FOR 1 µ PARTICLES 
Calculation of Fraction of Deposition in Each Compartment 
Region  Initial Deposition  Deposition Fraction 
 
ET1   ET1    0.17 
ET2   ET2    0.211(0.9995)=2.1e-1 
   ETseq    0.211(0.005)=1.05e-4 
BB   BB1    0.0124(1-0.47-0.07)=6.49e-3 
   BB2    0.0124(0.47)=5.83e-3 
BBseq    0.0124(0.007)=8.68e-5 
bb   bb1    0.0165(1-0.489-
0.007)=8.32e-3 
   bb2    0.0165(0.489)=8.07e-3 
   bbseq    0.0165(0.007)=1.16e-4 
AI   AI1    0.107(0.3)=3.21e-2 
   AI2    0.107(0.6)=6.42e-2 
   AI3    0.107(0.1)=1.07e-2 
 
These values come out the same as the Los Alamos program 
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Calculation of Number of Disintegrations Per Compartment Per Bq 
Deposited 






AI AI1 AI1 3.21e-2 4.3e6 1.38e5  
 AI2 AI2 6.42e-2 7.85e7 5.04e6  
 AI3 AI3 1.07e-2 3.93e8 4.2e6  
 AI(tot)    9.38e6 9.26e6 
bb bb1 bb1 8.32e-3 4.32e4 3.59e2  
  AI1 3.21e-2  1.39e3  
  AI2 6.42e-2  2.77e3  
  AI3 1.07e-2  4.62e2  
 bb2 bb2 8.07e-3 2.87e6 2.32e4  
 bbseq bbseq 1.16e-4 8.55e6 9.92e2  
 bb(tot)    2.92e4 2.85e4 
BB BB1 BB1 6.49e-3 8.64e3 5.61e1  
  bb1 8.32e-3  7.19e1  
  bb2 8.07e-3  6.97e1  
  AI1 3.21e-2  2.77e2  
  AI2 6.42e-2  5.55e2  
  AI3 1.07e-2  9.24e1  
 BB2 BB2 5.83e-3 2.87e6 1.67e4  
 BBseq BBseq 8.68e-5 8.55e6 7.40e2  
 BB(tot)    1.86e4 1.84e4 
LNth LNth AI3 3.21e-2 7.12e8* 2.28e7  
  bbseq 1.16e-4  1.00e5  
  BBseq 8.68e-5  7.50e4  
 LNth(tot)    2.30e7 7.47e5 
ET2 ET2 ET2 2.1e-1 8.64e2 1.81e2  
  BB1 6.49e-3  5.61e0  
  BB2 5.83e-3  5.04e0  
  bb1 8.32e-3  7.11e0  
  bb2 8.07e-3  7.06e0  
  AI1 3.21e-2  2.77e1  
  AI2 6.42e-2  5.55e1  
  AI3 1.07e-2  9.24e0  
 ETseq ETseq 1.05-e4 7.85e7 8.24e3  
 ET(tot)    8.54e3 8.58e3 
ET1 ET1 ET1 0.17 8.64e4 1.47e4 1.43e4 
LNet LNet ETseq 1.05e-4 7.25e8** 7.61e4 6.82e4 
*multiply clearance time by 0.824 to make up for residence truncation 
**multiply clearance time by 0.839 to make up for residence truncation
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Target Source Dist. AF Mass SEE* Sv (hand) Sv (program) 
ET1 ET1 1.47e4 0 2e5 0 0 4.22e-5 
ET2 ET2 300 0 4.5e-4 0   
 ETseq 8240 0.138  5.03e-9 4.14e-5  
 ET2(tot)     4.14e-5 4.22e-5 
LNet LNet 7.61e4 1 0.015 1.06e-9 8.05e-5 7.51e-5 
BBbasal BB1 1.12e3 0 4.3e-4 0   
 BB2 1.67e4 5.4e-4  2.06e-11 3.44e-7  
 BBseq 740 0.135  5.15e-9 3.81e-6  
 AI 9.38e6 0  0   
 Bbbasal(tot)     4.15e-6 4.46e-6 
BBsec BB1 1.12e3 0.144 8.6e-4 2.75e-9 3.08e-6  
 BB2 1.67e4 0.192  3.66e-9 6.11e-5  
 Bbseq 740 5.15e-2  9.82e-10 7.27e-7  
 AI 9.38e6 0  0   
 BBsec(tot)     6.49e-5 6.46e-5 
bb bb1 4.98e3 0.233 1.9e-3 2.01e-9 1.00e-5  
 bb2 2.32e4 0.237  2.05e-9 4.76e-5  
 bbseq 9.92e2 0.111  9.58e-10 9.50e-7  
 AI 9.38e6 7.06e-5  6.09e-13 5.72e-6  
 bb(tot)     6.43e-5 6.16e-5 
AI AI 9.38e6 1 1.1 1.49e-11 1.40e-4 1.39e-4 
LNth LNth 2.30e7 1 0.015 1.09e-9 2.51e-2 8.20e-4 
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Project ID Description Date Cutpoint (μm) 
1 First Background Run 11/7/2005 18 
2 First Background Run 11/7/2005 9.9 
3 First Background Run 11/7/2005 6.2 
4 First Background Run 11/7/2005 3.1 
5 First Background Run 11/7/2005 1.8 
6 First Background Run 11/7/2005 1 
7 First Background Run 11/7/2005 0.54 
8 First Background Run 11/7/2005 0.32 
9 First Background Run 11/7/2005 0.19 
10 First Background Run 11/7/2005 backstop 
11 Second Background Run 11/8/2005 18 
12 Second Background Run 11/8/2005 9.9 
13 Second Background Run 11/8/2005 6.2 
14 Second Background Run 11/8/2005 3.1 
15 Second Background Run 11/8/2005 1.8 
16 Second Background Run 11/8/2005 1 
17 Second Background Run 11/8/2005 0.54 
18 Second Background Run 11/8/2005 0.32 
19 Second Background Run 11/8/2005 0.19 
20 Second Background Run 11/8/2005 backstop 
21 Third Background Run 11/8/2005 18 
22 Third Background Run 11/8/2005 9.9 
23 Third Background Run 11/8/2005 6.2 
24 Third Background Run 11/8/2005 3.1 
25 Third Background Run 11/8/2005 1.8 
26 Third Background Run 11/8/2005 1 
27 Third Background Run 11/8/2005 0.54 
28 Third Background Run 11/8/2005 0.32 
29 Third Background Run 11/8/2005 0.19 
30 Third Background Run 11/8/2005 backstop 
31 Worker in Motion – hot plate failed 11/10/2005 18 
32 Worker in Motion – hot plate failed 11/10/2005 9.9 
33 Worker in Motion – hot plate failed 11/10/2005 6.2 
34 Worker in Motion – hot plate failed 11/10/2005 3.1 
35 Worker in Motion – hot plate failed 11/10/2005 1.8 
36 Worker in Motion – hot plate failed 11/10/2005 1 
37 Worker in Motion – hot plate failed 11/10/2005 0.54 
38 Worker in Motion – hot plate failed 11/10/2005 0.32 
39 Worker in Motion – hot plate failed 11/10/2005 0.19 
40 Worker in Motion – hot plate failed 11/10/2005 backstop 
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Project ID Description Date Cutpoint (μm) 
41 Person Sitting in Front of Box 11/11/2005 18 
42 Person Sitting in Front of Box 11/11/2005 9.9 
43 Person Sitting in Front of Box 11/11/2005 6.2 
44 Person Sitting in Front of Box 11/11/2005 3.1 
45 Person Sitting in Front of Box 11/11/2005 1.8 
46 Person Sitting in Front of Box 11/11/2005 1 
47 Person Sitting in Front of Box 11/11/2005 0.54 
48 Person Sitting in Front of Box 11/11/2005 0.32 
49 Person Sitting in Front of Box 11/11/2005 0.19 
50 Person Sitting in Front of Box 11/11/2005 backstop 
51 MOUDI in Hood 11/12/2005 18 
52 MOUDI in Hood 11/12/2005 9.9 
53 MOUDI in Hood 11/12/2005 6.2 
54 MOUDI in Hood 11/12/2005 3.1 
55 MOUDI in Hood 11/12/2005 1.8 
56 MOUDI in Hood 11/12/2005 1 
57 MOUDI in Hood 11/12/2005 0.54 
58 MOUDI in Hood 11/12/2005 0.32 
59 MOUDI in Hood 11/12/2005 0.19 
60 MOUDI in Hood 11/12/2005 backstop 
61 MOUDI in Hood 11/18/2005 18 
62 MOUDI in Hood 11/18/2005 9.9 
63 MOUDI in Hood 11/18/2005 6.2 
64 MOUDI in Hood 11/18/2005 3.1 
65 MOUDI in Hood 11/18/2005 1.8 
66 MOUDI in Hood 11/18/2005 1 
67 MOUDI in Hood 11/18/2005 0.54 
68 MOUDI in Hood 11/18/2005 0.32 
69 MOUDI in Hood 11/18/2005 0.19 
70 MOUDI in Hood 11/18/2005 backstop 
71 Worker in Motion 11/18/2005 18 
72 Worker in Motion 11/18/2005 9.9 
73 Worker in Motion 11/18/2005 6.2 
74 Worker in Motion 11/18/2005 3.1 
75 Worker in Motion 11/18/2005 1.8 
76 Worker in Motion 11/18/2005 1 
77 Worker in Motion 11/18/2005 0.54 
78 Worker in Motion 11/18/2005 0.32 
79 Worker in Motion 11/18/2005 0.19 
80 Worker in Motion 11/18/2005 backstop 
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Project ID Description Date Cutpoint (μm) 
81 Worker in Motion 11/19/2005 18 
82 Worker in Motion 11/19/2005 9.9 
83 Worker in Motion 11/19/2005 6.2 
84 Worker in Motion 11/19/2005 3.1 
85 Worker in Motion 11/19/2005 1.8 
86 Worker in Motion 11/19/2005 1 
87 Worker in Motion 11/19/2005 0.54 
88 Worker in Motion 11/19/2005 0.32 
89 Worker in Motion 11/19/2005 0.19 
90 Worker in Motion 11/19/2005 backstop 
91 Worker in Motion 11/22/2005 18 
92 Worker in Motion 11/22/2005 9.9 
93 Worker in Motion 11/22/2005 6.2 
94 Worker in Motion 11/22/2005 3.1 
95 Worker in Motion 11/22/2005 1.8 
96 Worker in Motion 11/22/2005 1 
97 Worker in Motion 11/22/2005 0.54 
98 Worker in Motion 11/22/2005 0.32 
99 Worker in Motion 11/22/2005 0.19 
100 Worker in Motion 11/22/2005 backstop 
101 Person Sitting in Front of Box 12/5/2005 18 
102 Person Sitting in Front of Box 12/5/2005 9.9 
103 Person Sitting in Front of Box 12/5/2005 6.2 
104 Person Sitting in Front of Box 12/5/2005 3.1 
105 Person Sitting in Front of Box 12/5/2005 1.8 
106 Person Sitting in Front of Box 12/5/2005 1 
107 Person Sitting in Front of Box 12/5/2005 0.54 
108 Person Sitting in Front of Box 12/5/2005 0.32 
109 Person Sitting in Front of Box 12/5/2005 0.19 
110 Person Sitting in Front of Box – sample 
dropped 
12/5/2005 backstop 
111 MOUDI in hood 12/9/2005 18 
112 MOUDI in hood 12/9/2005 9.9 
113 MOUDI in hood 12/9/2005 6.2 
114 MOUDI in hood 12/9/2005 3.1 
115 MOUDI in hood 12/9/2005 1.8 
116 MOUDI in hood 12/9/2005 1 
117 MOUDI in hood 12/9/2005 0.54 
118 MOUDI in hood 12/9/2005 0.32 
119 MOUDI in hood 12/9/2005 0.19 
120 MOUDI in hood 12/9/2005 backstop 
85 
 
Project ID Description Date Cutpoint (μm) 
121 Person Sitting in Front of Box – exhaust fan 
failure 
12/9/2005 18 
122 Person Sitting in Front of Box – exhaust fan 
failure 
12/9/2005 9.9 
123 Person Sitting in Front of Box – exhaust fan 
failure 
12/9/2005 6.2 
124 Person Sitting in Front of Box – exhaust fan 
failure 
12/9/2005 3.1 
125 Person Sitting in Front of Box – exhaust fan 
failure 
12/9/2005 1.8 
126 Person Sitting in Front of Box – exhaust fan 
failure 
12/9/2005 1 
127 Person Sitting in Front of Box – exhaust fan 
failure 
12/9/2005 0.54 
128 Person Sitting in Front of Box – exhaust fan 
failure 
12/9/2005 0.32 
129 Person Sitting in Front of Box – exhaust fan 
failure 
12/9/2005 0.19 
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